Previous studies have demonstrated a raised Na + content in leucocytes isolated from women with pre-eclampsia. Increased Na + /H + exchanger activity is one membrane transport abnormality that may contribute to this phenomenon and may be implicated in the abnormal volume homoeostasis and hypertension associated with the disease. Increased Na + /H + exchanger activity has been documented in nucleated white blood cells from both pre-eclamptic and postpartum pre-eclamptic women, and may suggest the importance of genetic influences on exchanger activity. In the present study, we used lymphoblasts from women with pre-eclampsia and from age-and gestation-matched normotensive pregnant controls to determine Na + /H + exchanger activity and intracellular resting pH using fluorimetry and the pH-sensitive dye BCECF-AM [bis(carboxyethyl)carboxyfluorescein acetoxymethyl ester]. Determination of Na + /H + exchanger protein abundance was performed by Western blotting. Intracellular pH was not significantly different in cells from pre-eclamptic women compared with those from normotensive controls. Na + /H + exchanger activity was measured when the intracellular pH was clamped at 6.0, and was found to be significantly higher in cells from pre-eclamptic women (20.77p0.92 mmol : min − 1 : l − 1 ) compared with those from normotensive controls (15.22p 0.92 mmol : min − 1 : l − 1 ; P l 0.001). Na + /H + exchanger protein abundance was established to be similar in the two subject groups, suggesting that the turnover number for the Na + /H + exchanger is increased in the women with pre-eclampsia. These changes in Na + /H + exchanger activity indicate the importance of genetic factors in determining this particular phenotype, since in this cell culture model of pre-eclampsia it is likely that environmental or hormonal influences present in vivo would have declined. Overactivity of the Na + /H + exchanger may contribute to the raised intracellular Na + concentration reported previously in white blood cells from women with pre-eclampsia.
INTRODUCTION
Forrester et al. [1] have demonstrated a raised Na + content in leucocytes isolated from women with preeclampsia. This raised Na + level has been attributed, by some, to a lowered Na + \K + -ATPase activity [1] . The Some workers have suggested the presence of increased levels of a circulating inhibitor of the Na + \K + -ATPase in pre-eclampsia [3] [4] [5] [6] . This substance is characterized by its affinity for the digitalis-binding site and its ability to inhibit Na + \K + -ATPase [3] . This inhibition may lead to increased intracellular sodium and calcium as a result of alterations in Na + \Ca# + exchange. Consequently, this membrane transport abnormality may contribute to the altered volume homoeostasis and hypertension characteristic of pre-eclampsia.
It is feasible that altered activity of the ubiquitous Na + \H + exchanger isoform 1 (NHE-1) could also contribute towards the high levels of cellular sodium reported in pre-eclampsia [7] . Although well established as an intermediate phenotype (a surrogate disease marker for genetic predisposition studies, intermediate between the gene and the disease) in essential hypertension, the role of this exchanger in pre-eclampsia has not been extensively explored. It is hypothesized that the intermediate phenotype of increased NHE-1 activity is determined by genetic factors, since in essential hypertension, diabetes and rat models of hypertension the increased exchanger activity persists in cultures of skin fibroblasts, lymphoblasts, cultured proximal convoluted tubule cells and vascular smooth muscle cells, where cells are removed from the influences of plasma factors in vivo [8] [9] [10] [11] [12] . Thus such an ion transport abnormality associated with pre-eclampsia may be determined by genetic factors rather than by the extracellular milieu present in vivo. Evidence to support the hypothesis that the phenotype of increased NHE-1 activity in pre-eclampsia may be determined by genetic factors exists, since this increased leucocyte exchanger activity persists into the postpartum period of women who have suffered from a preeclamptic pregnancy [13] . These cells would have been removed from the influences of the pre-eclamptic environment, since the study was performed in the postpartum period.
It has been suggested that the phenotype of increased NHE-1 activity is conserved in Epstein-Barr virus (EBV)-immortalized lymphoblasts from hypertensive patients [10] . We used this cell culture model to examine genetic influences on NHE-1 activity in pre-eclampsia. In this cell culture model it is likely that hormonal or environmental influences present in vivo, as well as the effects of cell activation and lipid peroxidation, will have declined, and thus the cellular genotype will be important in determining these changes, as in essential hypertension. This would provide further evidence of genetic influences on this intermediate phenotype in pre-eclampsia.
In the present study, we investigated resting intracellular pH ( pH i ) and NHE-1 activity in EBVimmortalized lymphoblasts from pre-eclamptic and normotensive pregnant women, in order to try and elucidate genetic influences on this membrane transport abnormality. In addition, we planned to investigate the mechanism underlying the enhancement of NHE-1 activity, such as the abundance of the NHE-1 protein. 
METHODS

Materials
Patients
The study group consisted of 11 women with well defined pre-eclampsia and 11 normotensive pregnant women matched for age and length of gestation. Power analysis suggested that we needed 11 subjects in order to demonstrate a standardized difference of 1.2 between NHE-1 activity in pre-eclamptic patients and that in normotensive controls, with a power of 90 % at P 0.05. Clinical data were collected at the time of sampling and are summarized in Table 1 . The pre-eclamptic women were diagnosed according to the internationally accepted criteria of Davey and MacGillivray [14] , and none had a family history of hypertension, as this may have influenced the results. Control subjects were normotensive throughout gestation, and none had a family history of either pre-eclampsia or hypertension. The study was approved by the Leicestershire Ethics Committee, and all women who participated did so voluntarily, having given their informed consent.
Lymphoblast culture
Peripheral blood lymphocytes were isolated from subjects using Histopaque 1077. Samples of 5 ml of blood Lymphoblast Na + /H + exchanger activity in pre-eclampsia Family history Hypertension 0 0 Pre-eclampsia 3 0
were collected from the forearm of the patient into a syringe containing 1 mM sterile sodium citrate as the anticoagulant. The whole blood was then carefully layered on to 5 ml of Histopaque 1077 using aseptic techniques. The sterilin was then centrifuged at 919 g for 20 min. The lymphocyte layer was then carefully visualized, aspirated into a clean sterilin and spun at 427 g for 10 min. Separated B lymphocytes were suspended in 2 ml of RPMI growth medium which contained 15 % fetal calf serum, 2 mM L-glutamine, 200 units\l penicillin and 0.2 mg\l streptomycin, and then transformed with 1 ml of EBV with the addition of 0.5 ml of cyclosporin A. The cyclosporin A increases the efficiency at which permanent lymphoblastoid cell lines are established, since T cells have been implicated in the spontaneous regression of EBV-transformed cultures [15] . Cells were incubated at 37 mC under 5 % CO # for 5 days and then refed with complete RPMI medium. When large clumps appeared, the cells were transferred into 100 ml flasks. Cell lines were fed every 2-3 days with RPMI supplemented with 10 % fetal calf serum, 2 mM glutamine, 200 units\l penicillin and 0.2 mg\l streptomycin.
Measurements of pH i and NHE-1 activity
Lymphoblasts were loaded with 5 µM of the pH-sensitive fluorescent dye BCECF-AM in TC199 for 30 min at 37 mC. The cells were then left for 15 min to allow for complete de-esterification of the fluorophore. Methods for measuring pH i and NHE-1 activity have previously been described in detail [13] . Briefly, pH i was measured in a buffer consisting of 140 mmol\l NaCl, 5 mmol\l KCl, 0.8 mmol\l MgSO % , 1.8 mmol\l CaCl # , 5 mmol\l glucose and 15 mmol\l Hepes, pH 7.4. The measurements were performed in a 37 mC thermostatically controlled sample compartment holder within a dual grating fluorimeter (Deltascan; Photon Technology International, South Brunswick, NJ, U.S.A.) with dualwavelength excitation at 500 and 439 nm (slit width 2.5 nm) and the emission wavelength set at 530 nm (slit width 10 nm). Calibration employed a double ionophore technique (nigericin and monensin) [16] .
NHE-1 activity was measured by clamping the cells at pH i 6.0, since the exchanger operates near its maximal transport capacity at this pH i [17] . A buffer identical to that used for measuring the resting pH i was used, with the addition of the ionophores nigericin (2 µmol\l) and monensin (5 µmol\l). This buffer was adjusted to a pH of 6.0 as described previously [13] .
In order to calculate NHE-1 activity, it was necessary to determine Na + -independent H + efflux. NMG (133 mmol\l final concentration; pH 7.4) was added as a substitute for Na + , allowing the determination of the efflux of H + that is not due to the activity of NHE-1 [18] . Buffering capacity was measured at pH 6.0 by recording the pH change induced by the addition of extracellular NH % Cl (50 mM final concentration) [16] . These measurements were performed in triplicate on each cell line to assess reproducibility. NHE-1 activity was finally calculated as the product of the initial rate of change in pH i upon the addition of Na + (pH units\min) multiplied by the buffering capacity of each cell line (mmol : l −" : pH unit −" ). Therefore the units of NHE-1 activity are mmol : min −" : l −" .
Determination of NHE-1 abundance
Determination of lymphoblast NHE-1 protein abundance has previously been described in detail [13] . Briefly, cells were washed several times in PBS and then resuspended in extraction buffer consisting of 20 mM Hepps, 140 mM NaCl, 5 mM Na # EDTA, 1 % polyoxyethylene-8-lauryl ether, 10 mM sodium pyrophosphate, 10 mM NaF and 5 mM sodium orthovanadate, pH 7.4, with the addition of the five protease inhibitors PMSF (1 mM), leupeptin (2 µg\ml), iodoacetamide (1 mM), phenanthroline (1 mM) and pepstatin (1 µg\ml) less than 10 min before use of the buffer. The cells were then frozen in liquid nitrogen, thawed rapidly to disrupt the membranes and sonicated for 15 min on ice [19] . Total protein extract was then subjected to SDS\ PAGE. Proteins were then electroblotted on to supported nitrocellulose. NHE-1 protein abundance was detected by incubating the blot with 1 µg\ml of the NHE-1-specific antibody G252 [20] , raised in our own laboratory. The bands of interest were then visualized using enhanced chemiluminescence methodology [20] . Scanning of the density of NHE-1 using a Bio-Rad densitometer enabled determination of NHE-1 protein abundance.
Statistics
Results are expressed as meanspS.E.M. Normality of the data was established, and comparisons by unpaired Student's t tests were performed using an OXSTAT statistical package (Microsoft Corp.). Two-tailed P values of 0.05 were considered significant. Figure 1 shows a typical trace obtained when measuring NHE-1 activity. Lymphoblasts were loaded to a pH i of Lymphoblasts were then suspended in 140 mM NaCl or 140 mM NMG and the change in pH i was measured. PET, pre-eclamptic ; NT, normotensive.
RESULTS
Figure 2 Plot of pH i in EBV-immortalized lymphoblasts from third-trimester normotensive (NT) and pre-eclamptic (PET) women
There was no significant difference in pH i .
6.0 and then suspended in 140 mM NaCl or 140 mM NMG. The change in pH i was measured over a period of 20 s.
pH i
The results for pH i are illustrated in Figure 2 . The pH i of lymphoblasts from pre-eclamptic women was 7.5435p0.029, compared with 7.659p0.047 in lymphoblasts from normotensive women. No statistical differences were identified.
Buffering capacity
The results for buffering capacity are illustrated in Figure 3 . The buffering capacity of lymphoblasts from preeclamptic women was 25.19p0 .97 mmol : l −" : pH unit −" , compared with 24.20p0.93 mmol : l −" : pH unit −" in Lymphoblast Na + /H + exchanger activity in pre-eclampsia
Figure 3 Plot of buffering capacity of EBV-immortalized lymphoblasts from third-trimester normotensive (NT) and pre-eclamptic (PET) women
There was no significant difference in buffering capacity. 
NHE-1 activity
NHE-1 activity was assessed, and the results are illustrated in Figure 4 . Figure 4 demonstrates the lymphoblast NHE-1 activity after clamping pH i to 6.0, near the V max . It is apparent that the mean NHE-1 activity was significantly higher in lymphoblasts from the preeclamptic group, with a value of 20.77p 0.92 mmol : min −" : l −" compared with a control value The blot was probed with NHE-1 specific antibody. The NHE-1 protein can be visualized at 97-100 kDa. No difference is evident in NHE-1 protein abundance when comparing lymphoblasts from third-trimester pre-eclamptic (PET) women with those from third-trimester normotensive (NT) controls. of 15.22p0.92 mmol : min −" : l −" (P l 0.001; unpaired t test). Figure 5 shows a typical Western blot of lymphoblast extracts obtained by loading equal amounts of total protein (30 µg\track) for cells from both pre-eclamptic women and normotensive controls. The G252 antibody, specific for NHE-1, reacted with a 92-114 kDa protein.
NHE-1 protein abundance
The size of this protein correlates with the stated molecular mass of NHE-1 [21] . No significant differences were seen in NHE-1 protein abundance when we compared cell extracts from pre-eclamptic (0.997p0.086 unit) and normotensive (1.0p0.11 unit) women using an unpaired Student's t test.
DISCUSSION
It has been demonstrated previously that NHE-1 activity is elevated in leucocytes isolated from post-partum preeclamptic women compared with those from postpartum normotensive controls, and this may represent an intermediate phenotype similar to that identified in essential hypertension [13] . The phenotype of elevated NHE-1 activity is conserved in EBV-immortalized lymphoblasts from pre-eclamptic patients. However, the relatively small number of patients in this study means that some caution must be exercised when generalizing these findings to the majority of patients with preeclampsia. Secondly, there may be inherent deficiencies in the model, as these cell lines have been derived from B lymphocytes that were subjected to biochemical manipulation to achieve their immortalization. However, in this cell culture model of pre-eclampsia, it is likely that environmental and hormonal influences present in vivo may not be as important as the cellular genotype in determining kinetic changes. In the present study with lymphoblasts, we investigated resting pH i and NHE-1 activity when the pH was clamped at 6.0, close to the V max of the exchanger. Measurements of pH i and buffering capacity in lymphoblasts confirmed that no differences existed between cells from pre-eclamptic and normotensive pregnant women. However, NHE-1 activity was elevated in lymphoblasts from the preeclamptic compared with the normotensive pregnant women. The elevated NHE-1 activity was thus likely to be genetically determined, as in essential hypertension and diabetes mellitus, in view of the persistence of the phenotype in immortalized cell lines [20] . None of the subjects studied had a family history of hypertension, as we have previously demonstrated that this may be associated with increased NHE-1 activity [10] .
Previous studies in our laboratory investigating essential hypertension and diabetes have assessed NHE-1 protein abundance using a specific NHE-1 antibody (G252) [22] . We applied this technique to the extracts of lymphoblasts derived from pre-eclamptic and normotensive women. No significant differences were identified, suggesting that this elevated NHE-1 activity in pre-eclampsia is not due to differences in protein abundance. Thus the increased activity of NHE-1 appears to be due to an increased turnover number of the antiporter. These findings are similar to those identified in essential hypertension [10] .
The precise mechanism underlying this enhanced NHE-1 activity has not been elucidated, but may reflect increased phosphorylation due to increased activation of kinase pathways such as the mitogen-activated protein kinase pathway, possibly involving pertussis toxinsensitive G-proteins [23] . A similar increase in the turnover number of NHE-1 in cells from patients with hypertension was associated with increased phosphorylation of NHE-1 [10] .
It remains unclear how the presence of this intermediate phenotype may be implicated in the pathogenesis of pre-eclampsia. If exchanger activity was increased in renal tissue, Na + retention could result, requiring that the kidney be perfused by a greater than normal arterial pressure in order to maintain salt balance [24] . Furthermore, if such changes occur in vascular smooth muscle, vascular tone may be increased, as any factor that elevates intracellular Na + will tend to elevate intracellular Ca# + , causing elevated peripheral resistance [25] . It is unknown at present whether these changes exhibited in white blood cells represent similar changes that occur in other cell types in pre-eclamptic women. It would be interesting to perform future studies on other cell models, such as fibroblasts, which would allow for a more detailed study of NHE parameters. Due to the evidently genetic basis of the intermediate phenotype in pre-eclampsia, it is possible that a gene encoding control of NHE-1 is involved; since this particular isoform is ubiquitous, it is likely that changes exist in all cell types. However, this relies on the control mechanism being ubiquitous also. A functional single-nucleotide variant of the gene encoding the β3 subunit of heterotrimeric G-proteins (Gβ3 C825T), associated with enhanced G-protein activation and increased activity of NHE-1, has been implicated in the development of hypertension, and may also predispose to pre-eclampsia [26] .
Exchange activity was examined by performing H + efflux studies in the absence of HCO $ − , thus allowing the exchanger to be analysed in isolation. The lymphoblasts from pre-eclamptic women showed a significant increase in NHE-1 activity compared with lymphoblasts from normotensive pregnant women. The finding of increased NHE-1 activity in lymphoblasts suggests that the differences persist despite culturing of the transformed lymphoblasts in vitro. These changes were not due to differences in buffering capacity, as buffering was similar for cells from the two groups.
The dysregulation of this ion transport mechanism may explain the raised intracellular Na + concentration reported previously in blood cells isolated from preeclamptic women, and may be implicated in the pathogenesis of the disease [1] .
In the present study on lymphoblasts, the resting pH i values were similar in lymphoblasts from the two groups of women. The pH i values reported were more alkaline than those found in leucocytes [13] . It is likely that differences were not found between groups for several reasons. First, alterations in pH i in pre-eclampsia may be mediated by environmental factors (plasma) [13] . Secondly, even in bicarbonate-free buffer there may be sufficient CO # produced by the cells to activate HCO $ − -dependent transport systems (such as the Na + -dependent and -independent Cl − \HCO $ − exchangers), which could operate even at resting pH i to correct any change in pH that was induced by altered NHE-1 activity [27] . Thirdly, the activation curve for NHE-1 is relatively steep, with Hill numbers of 2 or more [28] . This means that under conditions of low H + efflux rates, such as at the resting pH i , the difference in pH may be too small to be demonstrable by the current fluorimetric techniques.
In conclusion, we have demonstrated that cultured lymphoblasts from patients with pre-eclampsia exhibit elevated NHE-1 activity, similar to that described in the hypertensive phenotype. These changes indicate the importance of genetic factors in determining this particular phenotype. The mechanisms underlying this phenotypic change in pre-eclampsia are unknown, but the immortalized lymphoblast provides a suitable model to further define the molecular nature of this ion transport abnormality.
